Simultaneous spray coating of interacting species: general rules governing the poly(styrene sulfonate)/poly(allylamine) system. by Lefort, M (author) et al.
Published: March 18, 2011
r 2011 American Chemical Society 4653 dx.doi.org/10.1021/la104809z | Langmuir 2011, 27, 4653–4660
ARTICLE
pubs.acs.org/Langmuir
Simultaneous Spray Coating of Interacting Species: General Rules
Governing the Poly(styrene sulfonate)/Poly(allylamine) System
M. Lefort,† F. Boulmedais,† L. Jierry,†,z,0 E. Gonthier,† J.C. Voegel,‡,§ J. Hemmerle,‡,§
Ph. Lavalle,‡,§ A. Ponche,^ and P. Schaaf*,†,z,0
†Centre National de la Recherche Scientiﬁque (CNRS), Institut Charles Sadron (UPR 22), 23 rue du Loess, 67034 Strasbourg, France
‡Institut National de la Sante et de la Recherche Medicale (INSERM, UMR 977), 11 rue Humann, 67085 Strasbourg, France
§Faculte de Chirurgie Dentaire, Universite de Strasbourg, 1 place de l’Ho^pital, 67000 Strasbourg, France
^Institut de Science des Materiaux de Mulhouse (CNRS LRC 7228), 15 rue Jean Starcky, BP 2488, 68057 Mulhouse, France
zEcole Europeenne de Chimie, Polymeres et Materiaux, Universite de Strasbourg, 25 rue Becquerel, 67087 Strasbourg, France
0International Center for Frontier Research in Chemistry, 8 allee Gaspard Monge, 67083 Strasbourg, France
bS Supporting Information
’ INTRODUCTION
The alternate deposition of polyanions and polycations on
solid surfaces leads to the formation of polyelectrolyte
multilayers.1 These buildups result from the fact that when a
polyanion (respectively polycation) solution is brought in con-
tact with a positively (respectively negatively) charged surface, an
adsorption process takes place. At the end of this process, the
newly formed surface acquired an excess of charges of the same
sign as that of the polyelectrolyte present in the solution.2 It is
this charge overcompensation, after each deposition step, that
constitutes the motor of the deposition process and allows the
continuous ﬁlm buildup.3 The step-by-step construction can lead
to multilayers that are stratiﬁed for ﬁlms whose thickness
increases linearly with the number of deposition steps,4 or
nonstratiﬁed in the case of ﬁlms whose thickness increases
exponentially with the number of deposition steps.5 In both
cases the multilayer can be seen as a large assembly of polyanion/
polycation complexes. Even if the original method of layer-by-
layer deposition by dipping is extremely versatile and easy to use,
it is also a lengthy and a cumbersome procedure. This can be
partly circumvented by spraying alternately the polyanion and
polycation solutions, a procedure ﬁrst introduced by Schlenoﬀ
et al.,6 extended later by Izquierdo et al.7 and Porcel et al.,8 and
that is now gaining in interest.9,10
In the classical layer-by-layer deposition process each poly-
electrolyte deposition step is usually followed by a rinsing step
that allows removal of excess of polyelectrolyte that is not ﬁrmly
bound to the ﬁlm. By investigating the diﬀerent parameters
aﬀecting the alternated deposition process by spraying, we found
that the rinsing step can be skipped in the process without
considerably aﬀecting the ﬁlm growth, partly because drainage of
the solution automatically removes excess deposited material.
The only consequence is an increase of the ﬁlm roughness. In
addition, we observed that no delay is needed between the
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ABSTRACT: Simultaneous spraying of two solutions of interacting species
onto a substrate held vertically leads to the formation of nanometer-sized
coatings. Here we investigate the simultaneous spraying of poly(styrene
sulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) solutions lead-
ing to the formation of a ﬁlm composed of PSS/PAH complexes. The
thickness of this ﬁlm increases linearly with the cumulative spraying time. For
a given spraying rate of PAH (respectively PSS), the growth rate of the ﬁlm
depends strongly upon the PSS/PAH ratio and passes through amaximum for
a PSS/PAH ratio lying between 0.55 and 0.8. For a PSS/PAH ratio that is maintained constant, the growth speed of the ﬁlm
increases linearly with the spraying rate of polyelectrolyte of both solutions. Using X-ray photoelectron spectroscopy, we ﬁnd that
the ﬁlm composition is almost independent of the PSS/PAH (spayed) ratio, with composition very close to 1:1 in PSS:PAH ﬁlm.
The 1:1 PSS:PAH composition is explained by the fact that the simultaneous spraying experiments are carried out with salt-free
solutions; thus, electroneutrality in the ﬁlm requires exact matching of the charges carried by the polyanions and the polycations.
Zeta potential measurements reveal that, depending on whether the PSS/PAH spraying rate ratio lies below or above the optimal
spraying rate ratio, the ﬁlm acquires a positive or a negative excess charge.We also ﬁnd that the overall ﬁlmmorphology, investigated
by AFM, is independent of the spraying rate ratio and appears to be composed of nanometer-sized grains which are typically in the
100 nm range.
D
ow
nl
oa
de
d 
vi
a 
BI
BC
N
RS
 IN
C 
on
 Ja
nu
ar
y 
16
, 2
02
0 
at
 1
1:
40
:2
5 
(U
TC
).
Se
e 
ht
tp
s:/
/p
ub
s.a
cs
.o
rg
/sh
ar
in
gg
ui
de
lin
es
 fo
r o
pt
io
ns
 o
n 
ho
w
 to
 le
gi
tim
at
el
y 
sh
ar
e 
pu
bl
ish
ed
 a
rti
cl
es
.
4654 dx.doi.org/10.1021/la104809z |Langmuir 2011, 27, 4653–4660
Langmuir ARTICLE
polyanion and the polycation deposition steps for the ﬁlm to
grow. Finally, the deposition time during each step could be
reduced, which led us ultimately to propose that both polyelec-
trolytes can be sprayed simultaneously. The proof of concept of
this deposition process by simultaneous spraying of polyanions
and polycations was ﬁrst given by Porcel et al. on the PGA/PAH
system (PGA: poly(glutamic acid)); PAH: poly(allylamine)).11
It leads to polyanion/polycation ﬁlms whose thickness increases
linearly with the simultaneous spraying time. This constitutes an
example of a much more general concept, namely that of the
simultaneous spray coating of interacting species (SSCIS) lead-
ing to the formation of substrate coatings, a concept we applied
recently to a large variety of systems: polymers interacting
through hydrogen bonds, polyelectrolytes interacting with small,
oppositely multicharged molecules, polyelectrolytes interacting
with nanoparticles, and even complementary inorganic ions
leading to inorganic crystal formation.12 Note that a similar
method was already reported in the patent literature for the
preparation of noble metals (Au and Ag) and of CdS and ZnS
ﬁlms.1316
Even if the concept of ﬁlm deposition by SSCIS is now
established on ﬁrm grounds, the rules governing these processes
and the resulting ﬁlm structures are still widely unknown. In this
article, we focus on the PSS/PAH system (PSS: poly(styrene
sulfonate)). We selected this system because PSS/PAH consti-
tutes one of the most extensively studied examples and model
systems of polyelectrolyte multilayers. It leads to multilayers
whose thickness grows linearly with the number of deposition
steps, multilayers that are stratiﬁed and that appear very brittle,
showing more or less a glass behavior.17 This must originate from
the strong interaction between PSS and PAH in contrast to PGA
and PAH, whose interactions are much weaker in the presence of
salt and which leads to exponentially growing multilayers.18
’MATERIALS AND METHODS
Materials.We used sodium chloride (NaCl), poly(ethylene imine)
(70 000 g 3mol
1, 50 w % in water), poly(allylamine hydrochloride)
(PAH, ∼70 000 and 56 000 g 3mol1), and poly(styrene sodium
sulfonate) (∼70 000 g 3mol1), all purchased from Sigma-Aldrich.
The silicon wafers were from WaferNet, Inc. All the solutions were
prepared with ultrapure Milli-Q water with a resistivity of 18.2 MΩ 3
cm1 or better. A pH of 7.5 was obtained by adjusting with NaOH or
HCl solutions. No salt was added to the solutions.
Methods. Substrate Preparation. Before use, the silicon wafers
were first rinsed extensively with ethanol and then with ultrapure water
(Milli-Q) and eventually dried under an air stream. They were then
treated 3 min in a plasma cleaner device (at medium power) from
Harrick Plasma (Ithaca, NY) after 1 min to reach the appropriate
vacuum.
Simultaneous Spray Coating of Interacting Species (SSCIS). For the
simultaneous spray coating setup, airbrushes VL-model from Paasche
Airbrush Company (Chigago, IL; www.paascheairbrush.com) were
used. Pressurized gas was supplied either by in-house compressed air
lines or by nitrogen lines with overpressure fixed at 2 bar. The solutions
were sprayed simultaneously on the substrates with a vertical and
horizontal movement to improve homogeneity. The spraying steps
were followed by a break of 10 s and then a rinsing step of 5 s by spraying
Milli-QWater (pH 5.9) with aerosol spray bottles “Air Boy” (ref: 2430),
from Roth (France). The coated substrates were then dried in a stream
of nitrogen or compressed air at 2 bar. The film buildup resulted from
numerous sequences composed of spraying, rinsing, and drying steps
(see Scheme 1), the buildup time (that we denote as cumulative spraying
time) being the sum of the different durations of a (single) spraying step of
the different sequences. Another important parameter for simultaneous
spraying is the PSS/PAH ratio: that is the ratio of the spraying rate of the
PSS and PAH polyelectrolytes expressed in moles of monomer per
second (mol 3 s
1). Another parameter is the solution spraying rate
(mL 3 s
1). This parameter was kept constant over the entire study
(except for Figure S2, Supporting Information, where it was changed to
evaluate its influence) whereas the spraying rate of the polyelectrolytes
was varied by changing the concentration of the polyelectrolytes in the
solutions while keeping the spraying rate of the solutions constant. All
these parameters influence the film growth rate expressed in nanometers
per second (nm 3 s
1). In this study, if not mentioned, the solution
spraying rates were 13 ( 2 mL/min and 19 ( 2 mL/min for,
respectively, positively (PAH) and negatively (PSS) charged com-
pounds. This difference originated from small differences in the two
airbrush devices.
Ellipsometry. Measurements of the film thickness were carried out
with a PLASMOS SD 2300 ellipsometer operating at the single
wavelength of 632.8 nm and a constant angle of 70. Because of the
inherent limit of ellipsometry to simultaneously determine the refractive
Scheme 1. Schematic Representation of the Cycle of Spraying Sequences Leading to the Formation of a PSS/PAH Film Using the
Simultaneous Spray Coating of Interacting Species (SSCIS) Process
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index and the film thickness for very thin films, the refractive index of all
films was assumed to be constant and fixed at n = 1.465. While this
procedure will lead to slightly incorrect values with respect to the
absolute film thicknesses, it allows for the quick and precise determina-
tion of relative film thicknesses. Thickness values obtained with the
assumption of a fixed refractive index for all films are of better precision
than required for the comparison of film growth data as described in this
article. For each studied substrate, 10 different thickness measurements
were randomly taken on different film regions over an area of a few cm2
of the film surface. The measurements were performed in the dry state
after drying the films under a stream of nitrogen.
Atomic Force Microscopy (AFM). Atomic force microscopy was
performed with a Veeco Multimode Nanoscope IIIA (Digital In-
strument). For the AFM images, all acquired in dry contact mode, we
dried the sample under a nitrogen stream before measurements.
Cantilevers of silicon nitride (k = 0.6 N/m) were used.
Sarfus Microscopy. Sarfus microscopy is a new microscopic optical
technique that increases the sensitivity of the standard optical micro-
scope through the use of a special optically designed substrate called
“surf” which drastically enhances the contrast (Nanolane, Montfort-le-
Gesnois, France, http://www.nano-lane.com). The “surf” consists of a
substrate that is designed so that there is no change in the polarization of
light during reflection over a broad incidence angle range.19,20 When the
“surf” is coated by a thin layer, this condition is no longer fulfilled. The
technique uses classical optical microscopy under cross-polarization. In
the absence of film on the “surf” substrate, the intensity of the reflected
light after the analyzer is zero whereas it is different from zero and varies
with the optical film thickness in the presence of a film deposited on the
“surf”. This technique allows direct visualization and thickness measure-
ments of layers whose thicknesses vary between 1 and 80 nm. In our
work, a “surf” compatible for analysis in air or in liquid was used (surf
immersion). To obtain the absolute value of the thickness of the film, its
refractive index has to be given. We used a value of 1.465 as for
ellipsometry. The sample preparation was performed as follows: we
used the protective adhesive of the surf as amask.We then unmasked the
substrate partially before each spraying step. The unmasking was
increased after each spraying step, allowing us to follow the morphology
of the film as it builds up. We sprayed simultaneously PAH and PSS
solutions at spraying rates of, respectively, 1.3  103 mol 3 s1 and
8.8 104 mol 3 s1 (PSS/PAH ratio of 0.65). The measurements were
performed in the dry state after drying the films under a stream of
nitrogen.
X-ray Photoelectron Spectroscopy. The chemical composition of
PAH/PSS films was determined by XPS analysis. This analysis was
performed with a Gammadata Scienta spectrometer, equipped with an
Al KR X-ray source (1486.6 eV). It operated at 420 W under ultrahigh
vacuum and a take-off angle of 90. The probing depth of the technique
is estimated to be 9 nm for organic films. For quantification purposes,
survey spectra at a pass energy of 500 eV were recorded and analyzed by
CasaXPS 2.3.12 software (Casa Software Ltd., Teignmouth, UK, www.
casaxps.com). Raw areas determined after subtraction of a Shirley
background were corrected according to Scofield sensitivity factors
(C1s: 1.00, N1s: 1.80, S2p: 1.68), transmission function of the spectro-
meter, and inelastic mean free path of photoelectrons traveling in the
polyelectrolyte film at a given energy.
Streaming Potential Measurements. The streaming potential mea-
surements were performed on films sprayed on glass slides with a
ZetaCAD device (CAD Instrumentation, Les Essarts le Roi, France).
Two glass slides were mounted parallel to each other in a Plexiglas
sample holder. They were separated by a 500 μm thick poly-
(tetrafluoroethylene) spacer. The measurements were performed in a
water solution containing 5 103 M NaCl at pH 7.5 which circulated
between the two surfaces. The streaming potential was measured 10
times. Before the first measurement, the surfaces with the deposited
films were equilibrated for at least 1 h. The zeta potential was calculated
according to the Smoluchowski relation:21
ς ¼ ΔE
ΔP
ηλ
εε0
ð1Þ
where ς, η, λ, and εε0 are the zeta potential, the solution viscosity, the
solution conductivity, and the dielectric permittivity of water.ΔE/ΔP is
the streaming potential, namely the slope of the potential difference
versus pressure difference curve. The potential difference ΔE is mea-
sured between two Ag/AgCl reference electrodes located on both sides
of the measurement cell. The pressure difference ΔP between the
electrolyte compartments is varied between 300 kPa and þ300 kPa
with 30 kPa increments.
’RESULTS
We ﬁrst investigated the evolution of the thickness of the
sprayed ﬁlms as a function of the cumulative spraying time.
Figure 1 shows the evolution of the ﬁlm thickness measured by
ellipsometry in the dry state, for diﬀerent spraying rates of PSS
and for diﬀerent duration of a (single) spraying steps. The ﬁlm
thickness always increases linearly as a function of the cumulative
spraying time whatever the spraying conditions even if the
spraying rates of the polyanions and the polycations are very
diﬀerent. One can also consider that, in ﬁrst approximation, the
growth rate of the ﬁlm is independent of the duration of a
(single) spraying step up to roughly 30 s (see Figure S1). For
duration of a (single) spraying step exceeding 30 s, the growth
rate decreases when the duration of a (single) spraying step
increases. In what follows, we always kept the duration of a
(single) spraying step below 30 s and if not mentioned, equal to 5
s. We will focus our attention on the growth rate of the ﬁlms.
Next we investigated the inﬂuence of the PSS/PAH ratio
(ratio of the spraying rates of the two polyelectrolytes) on the
growth speed of the ﬁlms. We determined the growth rate
by varying the spraying rate of the polyanion (respectively
Figure 1. Ellipsometric ﬁlm thickness as a function of the cumulative
spraying time for poly(allylamine hydrochloride)/poly(styrene sulfonate)
simultaneously sprayed ﬁlms: the solution concentrations were 0.5 mg/
mL at pH 7.5 and with a spraying step of, respectively, 5 s (2), 10 s (9),
15 s ([), and 30 s (b). (O and 4) The spraying steps were constant
(5 s). The solution concentrations were 0.5 mg/mL for poly(allylamine
hydrochloride) with a spraying ﬂux of 1.45 103( 1.12 105 mol/s
and the spraying rate (hence the PSS/PAH spraying ratio) was variable
for the poly(styrene sulfonate): respectively 2.8  103 mol 3 s1 (1.8
mg/mL, PSS/PAH = 1.7) and 1.4  103 mol 3 s1 (1.0 mg/mL, PSS/
PAH = 1.05). The error bars represent (SD.
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polycation) while keeping the spraying rate of the polycation
(respectively polyanion) constant, the solution spraying rates
being kept constant. Figure 2 shows that in both cases, there
exists a PSS/PAH ratio where the growth rate reaches a
maximum. When the spraying rate of the polycation is ﬁxed,
the maximum of growth rate is obtained for a PSS/PAH ratio
lying between 0.55 and 0.80, fairly independent of the spraying
rate of the polycation. If the spraying rate of PSS is maintained
constant while varying that of PAH, this maximum is found for a
PSS/PAH ratio of 0.6, similar to what is found when the PAH
spraying rate is kept ﬁxed. Also, the growth rate rapidly decreases,
often reaching a small plateau for higher PSS/PAH ratios before
decreasing further when moving away from this optimal value.
Finally, the maximum growth rate increases fairly linearly with
the spraying rates of PAH and PSS while keeping the PSS/PAH
ratio constant (see Figure 3). In order to conﬁrm that the PSS/
PAH ratio corresponding to the maximum growth rate is
independent of the solution spraying rates, we reversed the
polycation and polyanion ﬂow rates (see Figure S2): ﬂow rates
were then 15.2 ( 0.5 mL/min and 24.2 ( 1 mL/min for,
respectively, positively (PAH) and negatively (PSS) charged
compounds. Here again, the maximum growth rate was found for
a PSS/PAH ratio of 0.66.
The morphologies of the ﬁlms were determined by AFM in
the dry state. We usually performed scratches of the ﬁlms in order
to determine if the surfaces were fully covered. Figure 4 shows
the evolution of the ﬁlm morphology as a function of the
cumulative spraying time for a PSS/PAH ratio of 0.66 and a
spraying rate of PAH of 7.44  103 mol/s. The ﬁlms appear
very granular, as if composed of an assembly of small particles. At
early buildup stages, the substrate is only partially covered. As the
buildup process proceeds, the ﬁlm grows in thickness and ﬁnally
covers the entire surface. We also investigated the ﬁlm morphol-
ogy for a given cumulative spraying time as a function of the
PAH/PSS spraying ratio, the spraying rate of PAH being held
constant. The evolution of the ﬁlm morphology with the PAH/
PSS spraying rate ratio is shown in Figure S3, Supporting
Information. The overall morphology of the ﬁlm does not change
with the spraying ratio: one always obtains a granular structure.
Yet, it seems that the size of the particles depends of the PSS/
PAH ratio, being smaller for smaller ratios.
The morphology of the ﬁlm was also imaged by Sarfus
microscopy. This microscopy oﬀers a resolution in height on
the order of nanometers. The lateral resolution is similar to that
of a conventional optical microscope. Figure 5 shows typical
images obtained after one, two, and three spraying sequences of 5
s with PAH and PSS spraying rates of, respectively, 1.34  103
mol 3 s
1 and 8.76  104 mol 3 s1 (PSS/PAH ratio of 0.65).
The ﬁlm was scratched at the center, and each image corresponds
to a transition zone where the zone of lower thickness corre-
sponds to spraying step n and that of higher thickness to spraying
step (n þ 1), n being equal to 0, 1, and 2. The sprayed ﬁlms
appear, here too, extremely homogeneous at the micrometer
scale with a low roughness. This fully supports the observations
made by AFM. The thickness measured by Sarfus microscopy is
on the same order as that measured by ellipsometry: 10.3 nm
measured by ellipsometry compared to 11.1 nm by Sarfus
microscopy for a 5 s sprayed ﬁlm, 19.7 nm compared to
25.9 nm for a 10 s sprayed ﬁlm, and 31.2 nm compared to
41.4 nm for a 15 s sprayed ﬁlm. The diﬀerences in measured ﬁlm
thickness between ellispometry and Sarfus microscopy could
originate from the assumption of the ﬁlm refractive index value
for each respective technique. Because the optical response to the
ﬁlm is diﬀerent between the two techniques, the measured
thickness is also diﬀerent.
We also focused on the ﬁlm composition as a function of the
PSS/PAH ratio. This was performed by X-ray photoelectron
spectroscopy (XPS). This technique is sensitive to the outer
9 nm of the ﬁlm. The composition of the ﬁlm is easily determined
from the S/N ratio. Figure S3 shows a typical spectrum of such a
ﬁlm. Transitions attributed to O1s (533 eV), N1s (400 eV), C1s
(285 eV), S2s (234 eV), S2p (170 eV), and a small amount of
silicon (Si2p: 100 eV) and chlorine (Cl2p: 200 eV) can be
detected. As the monomeric unit of polyallylamine contains only
one atom of nitrogen and the monomeric unit of polystyrene
Figure 2. Film growth rate (in nm/s) versus poly(allylamine hydro-
chloride)/poly(styrene sulfonate) ratio with variable poly(styrene
sulfonate) and constant poly(allylamine hydrochloride): PAH spraying
rate of (2) 7.0  103 mol 3 s1 (PAH concentration of 2.5 mg/mL),
(9) 4.3 103 mol 3 s1 (PAH concentration of 1.5 mg/mL), ([) 1.4
103 mol 3 s
1 (PAH concentration of 0.5 mg/mL), and (b) 2.9 
104 mol 3 s
1 (PAH concentration of 0.1 mg/mL) and (O) with
variable spraying rate of poly(allylamine hydrochloride) with a constant
spraying rate of poly(styrene sulfonate) of 2.8  103 mol 3 s1
(concentration of 1.8 mg/mL). The solutions were at pH 7.5 and
sprayed with a spraying step time of 5 s.
Figure 3. Film growth rate (in nm/s) versus spraying rate of poly-
(allylamine hydrochloride) (in moles of monomer per second) for the
ﬁve maxima of growth rate curves presented in Figure 2. The solutions
were at pH 7.5 and sprayed with a duration of a (single) spraying step
of 5 s.
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sulfonate only one atom of sulfur, the atomic ratio between sulfur
and nitrogen perfectly reﬂects the stoichiometry of the ﬁlm. By
calculating the corrected S2p and N1s area at, respectively, 170
eV and 400 eV, we have access to the ﬁlm composition. Table 1
summarizes the diﬀerent results. Standard deviation on the
percentage of each polymer obtained on three samples elabo-
rated under the same conditions is 2%. It is clearly evident that,
according to experimental error, the composition of the ﬁlm does
not depend on the PSS/PAH spraying ratio. The N/S ratio,
which is also the allylamine/styrene monomer ratio, is close to 1.
We also determined the zeta potential of ﬁlms obtained at
diﬀerent PAA/PAH spraying rate ratios ranging from 0.4 to 1.3.
Each ﬁlm has been built up and measured independently two
times. For each ﬁlm, at least eight consecutive measurements
were performed. We observed that the zeta potential evolved
systematically toward more negative values during the measure-
ments. This can be attributed to a restructuring of the ﬁlm and/or
to the desorption of PAH chains from the surface of the ﬁlm due
to shear stress at the surface during the measurements. We
assume that the correct value of the zeta potential after spraying is
the value found during the ﬁrst measurement. Table 2 sum-
marizes the obtained values. When the PSS/PAH spraying ratio
is smaller than the optimal spraying ratio, the zeta potential is
positive (þ 5.2 mV for a PSS/PAH spraying ratio of 0.41)
whereas it becomes negative above the optimal spraying ratio
(20.7 mV for a PSS/PAH spraying ratio of 1.3).
Comparison with the PGA/PAH System. Polyanion/polyca-
tion film deposition by simultaneous spraying of the two con-
stituents was first described by Porcel et al.11 for the PGA/PAH
system. In comparison with the PSS/PAH system, we can
observe similarities but also different features. For both systems,
the thickness increases linearly with the cumulative spraying
time, and the growth rate is fairly independent of the duration of a
(single) spraying step. Their growth rate reaches a maximum for
a defined polyanion/polycation ratio. For the PGA/PAH system,
the maximum occurred for a 1:1 ratio as expressed in mol/mol
of equivalent monomer whereas in the present case the max-
imum thickness increment is obtained for a PSS/PAH ratio
lying between 0.55 and 0.80. The major difference between the
two systems is the film morphology. In the case of the system
Figure 4. AFM topography (top) and line proﬁles (bottom) showing the growth of poly(allylamine hydrochloride)/poly(styrene sulfonate) ﬁlms built
by simultaneous spraying on a silicon wafer. (A, B, and C) Cumulative spraying time of 5, 15, and 25 s, respectively, for a duration of a (single) spraying
step of 5 s. The solutions were at pH 7.5 with a spraying rate of poly(allylamine hydrochloride) of 7.0 103 mol 3 s1 and of poly(styrene sulfonate) of
4.9 103 mol 3 s1 (conditions of the maximum growth rate, curve annotated 2.5 in Figure 2). Scan areas are 12 μm 12 μm. The scale bars are 2 μm.
The ﬁlms were scratched in A, B, and C for proper determination of height proﬁles, i.e., the ﬁlm thickness. For the topography and line proﬁles, the Z axis
is scaled from 0 to 500 nm. The vertical distance between the two red arrows is 13.8, 54.3, and 82.6 nm, respectively.
Figure 5. Sarfus microscopy images of the PSS/PAH ﬁlm obtained after three consecutive sequences with a duration of a (single) spraying step of 5 s. A
scratch was made in order to better convey the thickness of the ﬁlm. The PAH and PSS solutions were sprayed at a spraying rate of, respectively, 1.34
103 mol 3 s
1 and 8.76  104 mol 3 s1 (PSS/PAH ratio of 0.65). The images were taken in the dry state.
4658 dx.doi.org/10.1021/la104809z |Langmuir 2011, 27, 4653–4660
Langmuir ARTICLE
PGA/PAH, the film appears liquid-like whereas for PSS/PAH
the film is highly granular. A possible explanation of these
differences will be discussed in the following section.
Buildup Model.One of the most striking observations is that
the composition of the film is independent of the spraying ratio
of both components and is close to a 1:1 composition. The
polyelectrolyte solutions were sprayed in the absence of salt.
Because the film has to be electroneutral, the charges of the
polyelectrolytes in the film cannot be compensated by salt ions
(extrinsic charge compensation3). Electroneutrality is thus
achieved by the exact compensation between the charges of
the polyanions and the polycations, resulting in a 1:1 allylamine:
styrene sulfonate ratio in the film (intrinsic charge compensation).
Such a result was already obtained by Michaels who extensively
investigated polyelectrolyte complexes in solution22 and was also
observed for step-by-step built polyelectrolyte multilayers.
The existence of a maximum in the growth rate with the PSS/
PAH ratio can be explained according to Scheme 2 (the substrate
is always held vertically). The simultaneous spraying of the two
polyelectrolyte solutions thus leads to the formation of a liquid
ﬁlm that drains along the substrate. This liquid ﬁlm is fed with
polyelectrolytes through its ﬁlm/solution interface and the
aerosol/liquid interface. When the polyanions and polycations
enter the liquid ﬁlm, they form complexes which diﬀuse toward
the substrate/ﬁlm. When one of the two polyelectrolytes,
hypothetically the polyanion, is in large excess compared to its
oppositely charged companion, small complexes form. These are
mainly composed of a single polycation chain wrapped by
polyanions. The complex appears mainly negatively charged,
and these complexes repel each other electrostatically rather than
interacting attractively. Thus, this does not lead to the formation
of a ﬁlm, or if a ﬁlm forms, it grows very slowly. At the ratio
corresponding to the maximum growth rate of the ﬁlm, the
complexes that form in the liquid ﬁlm and that diﬀuse toward the
interface should be rather large and fairly neutral with large
charge ﬂuctuations (positive and negative patches). This results
in a layer made of stacks of globules composed of complexes (see
Scheme 2). This could be the reason why the maximum occurs at
polyanion/polycation spraying rate ratios on the order of 1.
Large charge ﬂuctuations should characterize these complexes
which must be electroneutral. One can thus assume that negative
patches present on these complexes that diﬀuse toward the
substrate can interact attractively with positive patches present
on the other complexes. The constant addition of these large
complexes corresponds to the ﬁlm buildup. If the interactions
between the polyanions and the polycations are strong, as is the
case for PSS/PAH, the mobility of the chains is slow and the
diﬀerent polyelectrolytes of the polyanion/polycation complex
particles do not strongly intermingle. The ﬁlm thus keeps a
granular aspect. From this explanation, it is expected that for a
constant spraying rate of PAH, and for small spraying rates of
PSS, the few complexes that anchor to the surface are rather small
and, as the spraying rate of PSS increases, the size of the
complexes increases too, as observed (see Figure S3). It is
interesting to notice that ﬁlms build up even at large PSS/PAH
or large PAH/PSS ratios, which is rather unexpected, and might
be due to a polyanion/polycation complex composition of a
single chain of PAHwrapped by several PSS chains. In the case of
Table 1. PSS/PAH Ratio in Sprayed Solutions and in the Film (measured by XPS) for Two Diﬀerent Series (see Figure 2: ([)
PAH, 0.5 mg/mL, (2) PAH, 2.5 mg/mL)a
in the ﬁlm
in solutions (mg/mL) atomic composition
[PAH] [PSS] sprayed ratio PSS/PAH % PAH % PSS ratio PSS/PAH
0.5 0.15 0.15 46 54 0.84
0.5 1.8 0.41 51 49 1.04
0.5 0.64 0.74 52 48 1.07
0.5 0.64 0.74 52 48 1.09
0.5 0.75 0.87 51 49 1.03
0.5 1 1.16 52 48 1.08
2.5 0.66 0.15 51 49 1.05
2.5 1.8 0.41 52 48 1.1
2.5 3 0.66 51 49 1.05
2.5 3 0.66 48 52 0.94
2.5 3 0.69 47 53 0.88
2.5 3.5 0.77 48 52 0.91
2.5 5 1.1 48 52 0.92
aConcentrations (denoted by brackets) are inmg/mL, the sprayed ratio of PSS/PAH is “the sprayedmoles of monomers of PSS per second/the sprayed
moles of monomers of PAH per second”.
Table 2. Zeta Potential of Films Obtained at Diﬀerent PSS/
PAH Spraying Rate Ratios Ranging from 0.41 to 1.3a
PSS/PAH spraying rate ratio zeta potential (mV) (standard deviation
0.41 þ5.2 2.8
0.71 þ9.8 0.8
0.94 14.3 0.4
1.3 20.7 3.3
a Each value corresponds to the mean value of four measurements
performed on two ﬁlms that have been built up and measured
independently (PAH 2.5 mg/mL, spraying rate maintained constant
at 7  103 ( 6  104 mol 3 s1; PSS spraying rate variable).
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a high PSS/PAH ratio, charge ﬂuctuations on the surface of the
complexes still exist. At large ratios, these ﬂuctuations must be
small so that the anchoring probability toward the surface must be
small, too. Thus, ﬁlm buildup is still possible but at a smaller rate.
When the interactions between the polyanions and the poly-
cations are weak, as in the case of Porcel et al.11 who constructed
PGA/PAH ﬁlms from PGA and PAH solutions, the mobility of
the polyelectrolyte chains in the complexes should be much
higher. This allows diﬀusion of the polyelectrolytes from one
complex to the other so that the ﬁlms end up as continuous,
viscous liquid-like coatings as observed.11 The alternate deposi-
tion of polyanions and polycations leads to linearly growing,
glass-like PSS/PAH multilayers whereas PGA/PAH leads to
liquid-like exponentially growing ﬁlms, another signature of the
strength diﬀerence of interactions between the polyelectrolytes
of the two systems.18 Finally, even if one forms complexes in the
liquid ﬁlm that drains, there might also be some single chains that
reach the surface, and the sticking coeﬃcients of the polyanions
and polycations on the surface could be diﬀerent. Because the
excess material or the weakly bonded chains are removed from
the surface by drainage, this would lead to an optimal PSS/PAH
spraying ratio that, even if it is on the order of 1, is not precisely
equal to 1. In our case it lies between 0.55 and 0.8. Other
explanations surely exist, yet they all remain, at this stage, only
speculative.
We observe that the zeta potential of the ﬁlms is positive or
negative depending upon whether the PSS/PAH spraying ratio
lies below or above the optimal spraying rate ratio. On the other
hand, XPS experiments show that the PSS/PAH composition of
the ﬁlm is always close to 1, whatever the spraying rate ratio. Yet,
the composition always appears slightly richer in PAH below the
optimal spraying rate ratio (PSS/PAH: 0.49/0.51 for a spraying
rate ration of 0.41 for example) and slightly richer in PSS for a
spraying rate ratio above the optimal spraying rate ratio (PSS/
PAH: 0.52/0.48 for a spraying rate ration of 1.1, for example).
Because XPS senses the ﬁlm over a typical thickness of 10 nm,
both results are fully compatible; the small excess of one
polyelectrolyte observed in XPS must be fully located at the
ﬁlm/solution interface. This excess is responsible for the zeta
potential. One can thus assume a 1:1 PSS:PAH composition
inside of the ﬁlm. The charge excess that appears at the ﬁlm
solution/interface may be due to the fact that at a high PSS/PAH
spraying rate ratio, for example, at the end of the spraying
sequence, the ﬁlm is in the presence of an excess of PSS, which
adsorbs and which can no longer be compensated by newly
sprayed PAH.
We also observe that the growth rate decreases moderately
when the duration of a (single) spraying step increases. This may
be due to the fact that as the sequence spraying time increases,
the thickness of the liquid ﬁlm that forms along the surface
and that drains (see Scheme 2) increases during a spraying
sequence. When thicker liquid ﬁlms are formed, the polyelec-
trolytes reaching the surface have to diﬀuse over a larger distance
before reaching the substrate interface. They have thus a higher
Scheme 2. Schematic Representation of the Hypothetical Process of the Film Formation (I, aerosol in air; II, in liquid ﬁlm,
showing the complex formation (1), III, growing ﬁlm; IV, silicon substrate) and a Possible Explanation of the Size of the Spherical
Structures
4660 dx.doi.org/10.1021/la104809z |Langmuir 2011, 27, 4653–4660
Langmuir ARTICLE
probability to be removed from the ﬁlm by drainage, aﬀecting
their probability to be captured by the coating layer. Further
studies are needed to investigate the diﬀerent points mentioned
in this explanation, but the presented model should already act as
a guide.
’CONCLUSION AND PERSPECTIVES
Simultaneous spray coating of interacting species (SSCIS) of
two solutions onto a substrate held vertically leads to the
formation of nanometer-sized coatings. Here we investigated
the simultaneous spraying of poly(styrene sulfonate) (PSS) and
poly(allylamine hydrochloride) (PAH) solutions leading to the
formation of a ﬁlm composed of PSS/PAH complexes. The
thickness of this ﬁlm increases linearly with the cumulative
spraying time. We ﬁnd that for a given spraying rate of PAH
(respectively PSS), the growth rate depends strongly upon the
PSS/PAH ratio and reaches a maximum for a PSS/PAH ratio
lying between 0.55 and 0.80. For a constant PSS/PAH ratio, the
growth rate increases linearly with the spraying rate of the two
polyelectrolytes. Using X-ray photoelectron spectroscopy, we
noticed that the ﬁlm composition is independent of the PSS/
PAH (sprayed) ratio with a 1:1 PSS:PAH ﬁlm composition
(within experimental error). The 1:1 PSS:PAH composition is
explained by the fact that the simultaneous spraying experiments
are carried out with salt-free solutions and that electroneutrality
in the ﬁlm requires a 1:1 positive:negative charge ratio. We
conﬁrm that the overall ﬁlmmorphology, investigated by AFM, is
independent of the spraying rate ratio and is composed of
nanometer-sized grains.
This work constitutes a ﬁrst in a series of studies aimed at
determining the general rules governing the buildup of ﬁlms
made by SSCIS. Simultaneous spray coating of interacting
polyelectrolytes should not only be of interest for depositing
nanometer-sized ﬁlms onto a substrate but could also be a good
tool to investigate polyelectrolyte complexes and in particular
their composition. Indeed, in solution, the investigation of the
composition of polyanion/polycation complexes is always hin-
dered by the presence of the polyelectrolytes that are not,
eventually, incorporated in the complexes. Because of the
drainage of the excess material, this is not the case with the
simultaneous spraying procedure. We will make use of this
advantage in the future to investigate polyanion/polycation
complexation.
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